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Abstract: 
Two sulphate efflorescent evaporate mineral samples from Jaroso, Spain have been 
studied by scanning electron microscopy and Raman spectroscopy. SEM by 
comparison with known minerals shows the evaporite mineral is a mixture of 
halotrichite and jarosite, whilst the oxidised mineral is predominantly jarosite. SEM 
characterises the halotrichite as long narrow crystals and the jarosite as distorted 
rhombohedral crystals.  Raman spectra of the sulphates of K, Mg, Fe(II), Fe(III) are 
compared with the spectra of halotrichite, jarosite and the two sulphate efflorescent 
samples. The efflorescent sample was proven by Raman spectroscopy to be a mixture 
of halotrichite and jarosite and the oxidised efflorescent sample to be jarosite and a 
complex mixture of sulphates.   
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INTRODUCTION 
 
 Evaporite minerals are of importance as geological markers [1, 2].  Such 
minerals are found in ancient ocean deposits [3].  Interest in evaporite minerals results 
from the discovery of jarosite and related minerals on the planet Mars [4-7].   The 
Mars mission rover known as opportunity has been used to discover the presence of 
jarosite on Mars, thus providing evidence for the existence or at least pre-existence of 
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water on Mars. Sulphate efflorescences have been known for some considerable time 
[8-10]. These often occur in tailings impoundments (see Jambour et al p322) [11].  
The sulphate formation results from the oxidation of pyrite. Halotrichites are formed 
close to pyrite and are often found with copiapites and related minerals [12]. The 
minerals are found in efflorescences in geothermal fields [13].  A recent study 
characterised jarosites in terms of their UV-Visible and Near-IR spectroscopy [14] 
whereas other recent studies have characterised selected evaporate minerals by 
Thermal analysis and Raman spectroscopic techniques [15-18].  
 
The study of sulphate efflorescences is of importance for the understanding of 
solution and transport behaviour. One method of studying the crystallised sulphates is 
with vibrational spectroscopy. Ross reports the interpretation of the infrared spectra 
for sulphates as ν1, 981 cm-1; ν2, 465 cm-1; ν3, 1200, 1105 cm-1; ν4, 618 and 600 cm-1 
[19].  Recently the infrared band positions of jarosites have been confirmed [14].  
Water stretching modes were reported at 3400 and 3000 cm-1, bending modes at 1645 
cm-1, and librational modes at 930 and 700 cm-1 [20].  Ross also lists the infrared 
spectra of the pseudo-alums formed from one divalent and one trivalent cation. 
Halotrichite has infrared bands at ν1, 1000 cm-1; ν2, 480 cm-1; ν3, 1121, 1085, 1068 
cm-1; ν4, 645, 600 cm-1.  Pickeringite the Mg end member of the halotrichite-
pickeringite series has infrared bands at ν1, 1000 cm-1; ν2, 435 cm-1; ν3, 1085, 1025 
cm-1; ν4, 638, 600 cm-1 [19].  These minerals display infrared water bands in the OH 
stretching, 3400 and 3000 cm-1 region; OH deformation, 1650 cm-1 region; OH 
libration, 725 cm-1 region. Ross also reports a weak band at ~960  cm-1 which is 
assigned to a second OH librational vibration [19].  As with the infrared spectra, 
Raman spectra of alums are based on the combination of the spectra of the sulphate 
and water. Recent studies have show the cation dependence of the sulphate stretching 
vibration [15-18]. Sulphate typically is a tetrahedral oxyanion with Raman bands at 
981 (ν1), 451 (ν2), 1104 (ν3) and 613 (ν4) cm-1[21]. Recent studies have also used 
Raman spectroscopy to prove the non-equivalence of the OH units in jarosites [18].  
Some sulphates have their symmetry reduced through acting as monodentate and 
bidentate ligands [21].  In the case of bidentate behaviour both bridging and chelating 
ligands are known.  This reduction in symmetry is observed by the splitting of the ν3 
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and ν4 into two components under C3v symmetry and into 3 components under C2v 
symmetry.   
 
 In this work we report the scanning electron microscopy and Raman 
spectroscopy of two efflorescent deposits from Jaroso, Spain.  A comparison is made 
with known jarosite and related sulphate minerals.  
 
 
Experimental 
 
Scanning Electron microscopy 
 
Evaporite samples were coated with a thin layer of evaporated carbon and 
secondary electron images were obtained using an FEI Quanta 200 scanning electron 
microscope (SEM). For X-ray microanalysis (EDX), three samples were embedded in 
Araldite resin and polished with diamond paste on Lamplan 450 polishing cloth using 
water as a lubricant. The samples were coated with a thin layer of evaporated carbon 
for conduction and examined in a JEOL 840A analytical SEM at 25kV accelerating 
voltage. Preliminary analyses of the efflorescent samples were carried out on the FEI 
Quanta SEM using an EDAX microanalyser, and microanalysis of the clusters of fine 
crystals was carried out using a full standards quantitative procedure on the JEOL 840 
SEM using a Moran Scientific microanalysis system.  
 
Raman microprobe spectroscopy 
 
The crystals of the evaporate minerals were placed and oriented on a polished 
metal surface on the stage of an Olympus BHSM microscope, equipped with 10x and 
50x objectives. The microscope is part of a Renishaw 1000 Raman microscope system, 
which also includes a monochromator, a notch filter system and a thermo-electrically 
cooled Charge Coupled Device (CCD) detector. Raman spectra were excited by a 
HeNe laser (633 nm) at a resolution of 2 cm-1 in the range between 100 and 4000 cm-1.  
Repeated acquisition using the highest magnification was accumulated to improve the 
signal to noise ratio. Spectra were calibrated using the 520.5 cm-1 line of a silicon 
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wafer. In order to ensure that the correct spectra are obtained, the incident excitation 
radiation was scrambled.  The crystals were oriented to provide maximum intensity. 
All crystal orientations were used to obtain the spectra. Power at the sample was 
measured as 1 mW. Raman spectroscopy has been applied to many sulphate 
containing systems and experimental details have been reported [17, 18, 22-24].  
 
The Galactic software package GRAMS was used for data analysis. Band 
component analysis was undertaken using the Jandel ‘Peakfit’ software package, 
which enabled the type of fitting function to be selected and allows specific 
parameters to be fixed or varied accordingly. Band fitting was carried out using a 
Gauss-Lorentz cross-product function with the minimum number of component bands 
used for the fitting process. The Gauss-Lorentz ratio was maintained at values greater 
than 0.7 and fitting was undertaken until reproducible results were obtained with 
squared regression coefficient of R2 greater than 0.995. 
RESULTS AND DISCUSSION 
 
Scanning electron microscopy 
 
 The SEM images of the sulphate efflorescent evaporate sample are shown in 
Figures 1 and 2.  The SEM image of the oxidised sample is given in Figure 3. For 
comparison the SEM images of a K-jarosite and a Na-jarosite are shown in Figures 4a 
and 4b.  Figure 1 shows two types of crystals (a) long needle like crystals (typical of a 
halotrichite) and a second phase attributed to a jarosite. The long needle like crystals 
are better seen in Figure 2. The crystals are between 150 and 200 μm in length. The 
jarosite crystals appear to from agglomerates and the bundles are probably held by 
electrostatic attraction. The size of the crystals suggests that the crystallisation process 
has been slow. Figure 3 shows the oxidised evaporate material. The long needles are 
not observed.  Again compared with the SEM images of many jarosites the 
crystallisation is deemed as kinetically slow. It is concluded that the oxidation of the 
sulphate efflorescences results in the conversion of the halotrichite to jarosite.  Figures 
4a and 4b show the images of the K- and Na- jarosites. The crystals are comparatively 
small suggesting a more rapid crystallisation process. This could occur through 
evaporation of the solution forcing the crystallisation to occur. It is concluded that the 
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crystals in Figure 4 are not unlike the crystals shown in Figures 1 and 3. EDX analysis 
of the crystals show the formula of the jarosite to be [(K,Na,Pb1/2)Fe3+(SO4)2(OH)6]. 
The OH content was determined by thermal analysis.  
 
Raman spectroscopy 
 
 The Raman spectra of an evaporite deposits labelled as eflorenscenia (E) and 
oxidised eflorenscenia (ox-E) together with the sulphates of K, Mg and Fe are shown 
in Figure 5.  The results of the band component analyses of these spectra are reported 
in Table 1.   The E sample shows bands in the 1000 cm-1 region which may obviously 
be attributed to the presence of sulphates. SEM through EDAX analyses confirms the 
presence of sulphur in the sample.   The band component analysis of E and ox-E are 
shown in Figure 6. The sample E is characterised by intense bands at 1030.9, 1020.0, 
1005.5 and 995.5 cm-1.  The approximate ratio of intensity of these bands is 1/8/2/8 
and their bandwidths are 10.0, 7.7, 7.9 and 11.4 cm-1 respectively.  These bands may 
be assigned to the ν1 (SO4)2- symmetric stretching vibrations. In the ox-E sample, 
bands are observed at 1037.1, 1024.9, 1015.6 and 988.4 cm-1.  The ratio of the 
intensity of these bands is 0/2/6/1 and the band widths are 8.5, 8.1, 27.8 and 20.0  
cm-1. It is proposed that significant changes in intensity of the bands are observed 
after oxidation.  The Raman spectrum of potassium sulphate shows an intense band at 
984.9 cm-1 with bandwidth of 4.5 cm-1, magnesium sulphate at 1024.0 cm-1 with 
bandwidth of 8.1 cm-1, ferrous sulphate at 1001.8 cm-1 with bandwidth of 15.3 cm-1 
and ferric sulphate at 1028.5 cm-1 with large bandwidth. It is apparent that these 
minerals are not present in the E or ox-E samples. 
 
 A series of low intensity bands are observed at 1134.3, 1122.6, 1103.4 and 
1058.2 cm-1 for sample E and at 1104.1, 1073.2 and 1054.4 cm-1 for ox-E.  These 
bands are assigned to the ν3 (SO4)2- antisymmetric stretching vibration.  The spectra in 
this region shows bands at 111.4, 1106.3 and 1094.7 cm-1 for potassium sulphate, 
1137.6, 1128.0, 1053.6 cm-1 for magnesium sulphate and 1110.8, 1060.8 and 1037.4 
cm-1 for ferrous sulphate. The bands for ferric sulphate are broad. The Raman spectra 
of the efflorescent samples E and ox-E together with halotrichite, jarosite and Na-
jarosite are shown in Figure 7. The spectra indicate the possibility that the E sample is 
composed of halotrichite and jarosite. Only two types of crystals are found in the 
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SEM image. This is in harmony with the Raman data.  The infrared spectra of the two 
sulphate efflorescent samples are given in Figure 8.  The spectra are complex with a 
significant overlap of bands. This indicates a number of components in the analysis. It 
should be kept in mind that the spatial resolution in Raman spectra is about 1 micron 
but in infrared spectroscopy is at best 25 microns, meaning that infrared spectroscopy 
is always going to measure mixtures. 
 
 The Raman spectra of the two sulphate efflorescent samples, halotrichite and 
the K and Na-jarosites are reported in Figure 9. The spectra of the sulphate 
efflorescence samples show two sets of bands centred upon ~600 and 450 cm-1. Two 
bands are observed at 479.0 and 469.3 cm-1 for sample 1 and are assigned to the ν2 
(SO4)2- bending modes.  There is an additional band at 456.9 cm-1.  For sample 2 
Raman bands are observed at 482.5, 450.4 and 403.5 cm-1. These are also ascribed to 
the ν2 (SO4)2- bending modes.  For halotrichite two strong Raman bands are observed 
at 466.9 and 445.1 cm-1. For jarosite two bands with significant separation are found 
at 452.8 and 443.7 cm-1.  The spectra of the sodium jarosite show broader bands in this 
spectral region. Two bands for Na-jarosite are observed at 453.9 and 434.6 cm-1. The 
Raman spectrum of potassium sulphate shows a single sharp band at 453.2 cm-1. The 
Raman spectrum of magnesium sulphate shows four bands of almost equal intensity at 
510.3, 498.8, 475.8 and 451.7 cm-1.  The comparison of the spectra in this spectral 
region shows that the spectra of the eflorenscenia sample more closely resembles that 
of halotrichite. The spectra of the eflorenscenia oxidada resembles that of a mixture of 
sulphates including Fe(II) and Fe(III) sulphates. 
 
 The second set of bands found in the efflorescent samples around 615 cm-1 are 
ascribed the sulphate ν4 bending modes.  For sample 1, five bands are observed at 
668.2, 641.0, 614.8, 597.2 and 558.3 cm-1.  For sample 2 two broader bands are found 
at 648.3 and 607.8 cm-1.  The Raman spectra of jarosite also show multiple bands at 
649.4, 623.9 and 566.2 cm-1.  The Raman spectrum of Na-jarosite shows a broad 
feature at 624.9 cm-1.  The Raman spectrum of halotrichite also shows a broad feature 
for the ν4 bending mode centred upon 605.5 cm-1. The Raman spectrum of MgSO4 
also shows multiple bands in this spectral region with bands at 616.6 and 607.9 cm-1 
whilst that of potassium sulphate shows bands at 628.1 and 621.1 cm-1. This spectral 
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region of eflorescencia appears to be a mixture of sulphates whereas the eflorescencia 
oxidada spectra resembles that of Fe(III) sulphate. 
 
CONCLUSIONS 
 
 A combination of  scanning electron microscopy and Raman spectroscopy has 
been used to study the sulphate effluorescent crystals from the El Jaroso Ravine, 
Sierra Almagrera, Almería province, Spain.  Both SEM and Raman spectroscopy 
identify the presence of both halotrichite and jarosite in the unoxidised deposit. In the 
oxidised deposit a mixture of jarosite and related sulphates including potassium and 
Fe(II) sulphates are observed. The Raman spectra of the latter deposit is more 
complex.   
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  eflor     
eflor 
ox     K2SO4     MgSO4     FeSO4     Fe2(SO4)3   
Center FWHM % Center FWHM % Center FWHM % Center FWHM % Center FWHM % Center FWHM % 
1655.5 18.5 0.1         1644.6 60.0 0.7 1649.4 59.4 2.9 1642.4 85.6 2.9
1637.3 53.1 1.3                      
    1428.6 61.6 0.7                  
1386.4 4.0 0.0                      
            1258.3 7.4 0.9     1255.4 48.3 1.6
        1239.1 21.2 0.5              
1226.7 17.6 1.0 1227.8 67.8 5.3     1221.3 9.9 4.8     1221.4 70.3 7.1
1197.6 27.8 0.9 1201.7 13.2 1.2                  
1169.0 20.9 1.0 1163.3 63.2 8.2     1170.3 28.6 1.9 1167.0 64.0 3.0      
                1166.9 22.0 1.5      
        1149.2 13.3 2.5 1137.6 6.7 9.1          
        1146.9 4.1 6.5         1140.5 93.0 10.2
        1145.0 3.6 4.3              
1134.3 26.8 7.2         1128.0 9.3 2.2          
1122.6 13.4 0.8                      
1103.4 25.8 5.2 1104.1 52.6 7.6 1111.4 4.9 2.4     1110.8 45.9 4.3 1104.4 52.6 4.0
        1106.3 7.1 1.3              
        1094.7 3.1 0.2              
        1094.3 12.5 1.0              
    1073.2 101.4 6.2                  
1058.2 45.9 0.3 1054.4 25.4 1.0     1053.6 5.5 10.2 1060.8 18.9 6.2      
            1049.3 9.4 0.9          
1030.9 10.0 1.2 1037.1 8.5 0.5     1038.6 8.5 1.9 1037.4 11.1 15.4 1030.1 59.7 22.8
    1024.9 8.1 5.6     1024.0 8.1 34.6     1028.5 86.6 20.8
1020.0 7.7 8.3 1015.6 27.8 17.2         1019.6 6.5 0.4      
                1013.8 6.9 4.5      
1005.5 7.9 2.3             1002.1 102.1 4.6      
                1001.8 15.3 6.9      
 11
995.5 11.4 7.8 988.4 20.0 3.2 990.6 2.2 1.2         992.9 37.7 3.7
        984.9 4.5 50.1              
        984.7 22.7 5.7              
        979.3 2.1 1.4     983.4 0.9 0.0      
                978.4 4.2 6.6      
                978.3 6.8 7.9      
        968.1 3.7 0.2     962.0 7.9 0.2      
                895.2 32.1 0.3      
763.3 45.3 0.4                 774.6 76.9 0.6
    739.4 26.1 0.2         743.6 53.2 0.9      
713.2 40.1 0.3                      
            699.0 8.9 0.7          
            681.7 7.0 1.1          
668.2 14.5 0.3                      
641.0 17.4 1.1 648.3 46.6 1.0         652.5 21.6 1.8      
        634.2 3.2 0.1              
        628.1 4.4 5.1 627.2 14.0 1.6     629.2 56.3 2.3
614.8 12.4 0.5     621.1 5.1 6.0 620.9 4.6 0.4          
        618.3 4.4 1.0 616.6 5.1 2.6          
                609.8 34.9 3.0      
    607.8 31.9 1.8     607.9 6.2 5.7 608.9 13.5 0.3      
597.2 13.1 1.4         593.6 45.6 3.0     597.2 25.5 0.8
                580.0 68.9 2.6      
558.3 21.0 0.5 558.7 18.2 0.2                  
    504.9 21.7 1.4     510.3 7.7 2.2          
            498.8 10.4 3.6          
479.0 16.1 4.4 482.5 36.2 2.1     475.8 8.1 4.0 485.7 24.3 4.2 483.0 47.1 4.5
469.3 15.3 1.6             466.8 18.9 1.9      
456.9 16.9 1.7     456.3 4.0 3.3              
    450.4 22.2 1.1 453.0 4.0 7.0 451.7 10.2 5.1 450.5 46.4 2.7      
443.5 7.4 0.1     447.2 3.5 0.2 440.1 8.3 0.3 448.7 12.2 1.9 447.0 62.0 7.2
416.7 44.9 1.0                      
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    403.5 17.7 0.5         400.2 17.5 0.5 393.4 30.8 0.5
    381.1 32.4 0.7         378.2 24.1 1.1      
    357.3 16.7 0.3                  
305.9 17.4 4.0 306.4 17.7 0.2                  
    285.5 10.3 0.5     293.8 8.3 0.1     295.8 55.7 2.8
279.2 20.3 0.8             281.4 46.6 5.2      
271.0 15.9 2.9 272.4 44.4 7.2                  
    269.0 11.0 0.5     267.2 8.4 0.1 264.9 18.0 3.6      
254.7 6.6 0.1         254.3 79.0 0.9          
249.3 20.5 2.8 247.0 7.0 0.1             246.6 55.9 6.3
    244.1 23.5 1.9     236.2 32.0 0.5 237.9 40.6 2.8      
225.2 24.2 1.7 228.0 11.8 0.4         218.2 11.8 0.5 221.2 17.9 0.3
    210.9 6.1 0.3                  
199.0 12.3 1.4 203.4 9.2 0.7     205.6 5.7 0.7 200.9 18.3 1.7 200.4 25.4 1.8
184.3 9.9 0.2 183.2 9.5 0.5         184.5 17.5 0.8      
159.8 9.1 0.1 161.2 5.4 0.1                         
 
 
Table 1 Results of the Raman spectroscopic analysis of evaporite materials and the sulphates of K, Mg and Fe. 
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List of Figures 
 
Figure 1 SEM image 1 of evaporate minerals from The Jaroso Ravine, Almeria, 
Spain. 
 
Figure 2 SEM image 2 of evaporate minerals from The Jaroso Ravine, Almeria, 
Spain. 
 
Figure 3 SEM image 1 of oxidised evaporate minerals from The Jaroso Ravine, 
Almeria, Spain. 
 
Figure 4a SEM image of potassium jarosite 
 
Figure 4b SEM image of sodium jarosite 
 
Figure 5 Raman spectra of samples E and Ox-E together with the sulphates of 
potassium, magnesium, ferrous and ferric iron in the 900 to 1300 cm-1 
region. 
 
Figure 6 Band component analysis of the Raman spectra of the samples E and 
Ox-E in the 900 to 1300 cm-1 region. 
 
Figure 7 Raman spectra of samples E and Ox-E together with halotrichite, 
jarosite and Na-jarosite in the 800 to 1500 cm-1 region. 
 
Figure 8 Infrared spectra of samples E and Ox-E in the 800 to 1500 cm-1 region. 
 
Figure 9 Raman spectra of samples E and Ox-E together with jarosite, 
natrojarosite and halotrichite in the 100 to 800 cm-1 region. 
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